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Relating the Physical and Chemical Properties
of Petroleum Hydrocarbons to Soil and
Aquifer Remediation

by Evan K. Nyer and George J. Skladany

1 would hke to change the style of this column for this
issue. Instead of reviewing treatment methods applicable
to a specific cleanup, 1 want to perform a more detailed
review of the physical and chemical properties of petro-
leum hydrocarbons. This review can then be related to
different remediation methods. | have tried to provide
sufficient data in this article for the reader to use as
reference matenal in future work. Because of the nature
of the details involved, I have asked George Skladany to
help me summarize and present these properties.

Petroleum hydrocarbons are one of the most frequent
sources of ground water contamination. Leaking under-

round storage tanks at gasoline stations, spills at oil
terminals, and leaks in fuel pipelines combine to make
these compounds a recurring problem. Gasoline, diesel,
and fuel oils are some of the most common petroleum
products contaminating soils and ground water. While
these products are generally spoken of as sing's entities,
each is actually a complex mixture of many organic
chemicals. Each of these specific chemicals has its own
properties and behavior when in contact with soils and
water. While 1t 1s correct to say that an aquifer has been
polluted with the general contaminant “gasoline,” reme-
diation efforts must address the treatment of the specific
organics present

Physical and Chemical Properties
Chemical Composition
Let us start with simple definitions for gasoline, diesel,

and fuel oils (Hawley 1981):

® Gasoline is a mixture of volatile hydrocarbons suitable
for use in internal combustion engines. The major
chemical components of gasoline are branched chain
paraffins (branched chain alkanes), cycloparaffins
(cycloalkanes), and aromatics.

¢, CALIBAATION MiXTURE

C.

4C
28 Coy Cyo Cy,

GASOUNE DIESEL

LUBRICATING OiL -

— L RELOL

Figure 1. Approximate boiling ranges for individual hydrocarbon
products. Benzene (B) has a boiling point of 80.1 C and n-Hentri-
acontane (C-31) has a boiling point of 302 C (from Senn and John-
son 1985).

TABLE 1
Petroleum Distillation Products
Distillation
Fraction Temperature, °C Carbon Number
Gas Below 20 C-ltoC4
Petroleum Ether 20 to &0 C-5t0 Co
Ligroin (hight naphtha) 60 to 100 C-6and C-7
Natural Gasoline 40 to 205 C-5 1o C-10 and cvcloalkanes
Kerosene 175 10 325 C-12 1o C-18 and aromatics
Gas Oil Above 275

[.ubricating O1

Asphalt or Petroleum Coke

Non-volatle liquids

Non-volatile solids

C-12 and higher
Probably long chains attached to
cyclic compounds
Polycvche structures

Adapted from Morrson and Bovd 1973
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Carbon Number

C-1t0 C4
C-510C6
C-6 and C-7
C-5 1o C-10 and cycloalkanes
C-12 to C-18 and aromatics
C-12 and higher
Probably long chains attached to
cyclic compounds
Polycyclic structures

® [iesel s Number 2 fuel ail, cornased primanb o
unbranched paraffins {straight chian alkanestwith atlasn
point between 110 and 190 F (43 and x8 €.

® Fuel oils are chemical muxtures having flash points
greater than 100 F (38 C). Fuel oils can be distilled
tractions of petroleum, residuum from refinery opera-
trons. crude petroleum, or a mixture of two or more of
these maternials.

Basically, these different netroleum muxtures represent
progressive “cuts” of a disullation column Table | presents
some of the major commercial products associated with
different distillation fractions. Figure | shows some of the
major petroleum hvdrocarbon constituents as they would
appear in a gas chromatograph separating compounds
hy increasing the boiling point. Gasoline is, 1 general, a
muxture of chemicals with boiling points less than that of
decane (those compounds with boiling points between 26
and 173 C). Gasoline contains relatively large concentra-
tions of benzene. toluene, and xylene. Diese!l fuels on the
other hand consist pnmanly of higher boiling-point
straight chain alkanes. Diesel fuel contaminated soils
therefore would not be expected to contain high concen-
trations of aromatic compounds { Senn and Johnson 1985).

The source of the crude o1l used for refining also has
an effect on the composition of the final petroleum prod-
uct. For example, Tah.2 2 shows the volume percent of
paraffins, cycloparaffins. and aromatics present in nine
tvpes of crude oil. Vanabiluy is again observed in the
zasoline fraction produced from three crude oils. as shown
in Table 3. Forexample. the gasoline fraction made from
Conroe, Texas, crude oil contains 3.27 percent benzene
and 16.19 percent toluene on a volume basis. The gasoline
traction made from Colinga. California, crude oil contains
oniy 2.22 percent benzene and 7.94 percent toluene on a
volume basis (Perry 1984).

Physical Properties

Above-ground or in situ remediation of hydrocarbon
contaminated soils or waters must address the specific
organics present. Cleanup of spilled gasoline 1s actually
the combined cleanup of several individual organic chem-
ical compounds. Each of these organics has specific phys-

TABLE 3
Some of the Major Constituents of the Gasoline
Fraction (b.p. 36-117° () in Selected Petroleums

\ olume (f‘/r)

Conroe Colinga, lennmgs

Constituent ™ CA LA
Alkanes:
n Pentane [RR 0 P2
n Hexane fr44 TS q.(5
n Heptane 69 S94 %42
2 Methvipentane 2% 256 47
2.2 Dimethvihexane 022 13 239

Cycloalkanes:

Cyclopentane 0.96 176 .67
Methyicyclopentane 651 1029 S0l
(Cyclohexane 14 A3 BEK
Methvlcyclohexane 22 14 85 15.07
Ethylcyclopentane 203 43K 234
Trimethyl-

cvciopentane 36d N2 11%
Aromatics:
Benzene 32 222 R4l
Toluene 1619 T 94 1202

Adapted from Perry 1984

ical. chemical, and biological properties. First let us
summarize the specific compound properties.

Gasoline 1s a chemically complex petroleum product
composed of short branched and straight chain alkanes
(paraffins), cycloalkanes, and aromatics. Figure 2 provides
several examples of these classes of compounds. The
molecular weight, density. solubility, boiling point, and
vapor pressure for several compounds in gasoline, diesel.
and fuel o1l are presented in Table 4.

As shown in Table 4, the number of carbon atoms
present in a compound has a major effect on 1ts properties.
Alkane chains up to 17 carbons in length are liquids and
have densities less than that of water (< 1). Alkane chains

TABLE 2
The Relgtive Amount of Paraffins, Cycloparaffins, and Aromatics in the Gasoline Fraction of
e Representative Crude Qils
240 Volume (%)

Origin of Crude Oil Boiling Range (°C) Paraffins Cyclo-Paraffins Aromatics
Oklahoma (Ponca) 55-180 50 40 10
Pennsylvania 40-200 70 22 g
Texas (Hastings) 50-200 27 67 6
California (Santa Fe Springs) 45-150 41 50 9
Canada (Turner Valley) 45200 51 35 14
Mexico (Altamira) . 40-200 49 36 14
Rumania (Bucsani) 50-150 56 12 12
Kuwait 40-200 72 20 8
Russia (Baku) 60-200 2 63 8

Adapted from Perry 1984
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with 18 or more carbons in length are actually solids at
room termperature and are commonly referred to as waxes.
Alkane solubility rapidly decreases as the number of
carbons present in the compound increases. Pentane,
with a chain length of five carbons, has a solubility of
360 ppm at 16 C; hexane (with six carbon atoms) has a
solubility of 13 ppm at 20 C; and decane {with 10 carbon
atoms) has a solubility of only 0.009 ppm at 20 C.
Vapor pressures also decrease as alkane carbon

numbers increase. High vapor pressures indicate that a
compound can easily volatilize; low vapor pressures are
associated with chemicals that are semivolatile or non-
volatile. Methane (1 carbon), ethane (2 carbons), propane

(3 carbons), and butane (4 carbons) are usually found as

gases. For the liquid alkanes previously discussed, pentane

has a vapor pressure of 430mm of Hg at 20 C, hexane of

120mm of Hg at 20 C, and decane of only 2. 7mm of Hg at
20 C. Boiling point temperatures for alkanes, however,
increase with the number of carbons present.

Cycloalkanes are similar to straight or branched chain
alkanes in properties. Their densities are less than one,
solubilities and vapor pressure decrease with the carbon
number, and boiling point temperatures increase with the
carbon number.

The aromatic fraction of petroleum products is per-
haps the most important group of chemicals from an
environmental point of view. Benzene, toluene, and the
xylenes (BTX) each have densities less than |. Benzene is
the most soluble of this class at 1780 ppm at 20 C
Toluene has a solubility of 515 ppmat 20 C. The isomeric
xylenes have different solubilities: 175 ppm for ortho and
meta-xylene at 20 C and 198 ppm for para-xylene at 25 C.
Vapor pressures for these compounds are 76mm of Hg at
20 C for benzene, 22mm of Hg at 20 C for toluene, and

approximately 6mm of Hg at 20 C for each of the isomenc
xvlenes.

Remediation

Now let us look at the effect that different chemical
properties have on the remediation of a site. The first
thing that we want to know when trying to remediate a
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Figure 2. Chemical structures of selected petroleum hydrocarbons.

site is the location of the contaminants. We know that
there are three possible phases in which petroleum
hydrocarbons can be found. Hydrocarbons are usually
released first to the unsaturated soils. Next. the hydro-
carbons travel down through the soils and encounter the
aquifer. Hydrocarbons in the vadose zone can also vola-
tilize during movement and contribute to the soil gases.
Therefore, we can expect to find spilled petroleum
hydrocarbons in the soils. the aquifer, and in the o1l

TABLE 4
Physical/ Chemical Properties of Selected Petroleum Hvdrocarbons
Molecular Solubility Boiling Vapor Pressure
Compound Weight Density (@°C) Point, < C @1 atm and (° ()
Pentane 7215 0.626 360 (16) 36 430 (20)
Hexane K617 0.66 13 (20) 687 120 (204
Decane 42 24 0,73 0.009 (2(h 173 2720
Cyclopropane 42.08 (.72 37000 32 Thiy 33
Cyclopentane 7014 0.751 <1000 2000 E13.%)
Cyclohexane K416 0.779 55020 8l TT20
Benzene e (1L 1780 (20) 0.1 76.(20)
Toluene 921 0.867 515120} 110.8 22020
ortho-Xvlene 106.17 0.8% 175 (20 144 4 5204
meta-Xylene 106.17 0.86 175 (20) 139 620
para-Xylene 106,17 0.56 198 (25) 1384 6.5 420

Compiled from various sources
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um Hydrocarbons

Boiling Vapor Pressure
S‘@Ioinl, °C @1 atm and (°C)
B 36 430 (20)

68.7 120 (20)
173 27020y
13 760 (-33)
200 (13.8)

81 77120)
80.1 76 (20)
110.8 2220
144.4 5(20)
139 6 (20)
1384 6.5(20)

SUsE.

Once petroleum hydrocarbons are introduced into
the environment they interact with the surrounding soils.
some of the major processes affecting these chemucals
nclude adsorption. chemical degradaton. dittusion.
,olatiilzation, and biodegradation. As we have seen. many
constituents of petroleum products (such as the alkanes
and aramaties are non-polar compounds and have only
nmited solubility in water. Naturally occurning ~otl com-
pounds. such us humie and fuivic acids, mayv dissolve
water and help to dissolve other non-polar compounds.
Covalent bonding of contaminants to the functional
groups of humic molecules can aiso serve to immabilize
Eonlammams. In additton, clays in the subsurtace fre-
quently have positively charged surfaces that can bind
polar as well as charged contaminant molecules,

A common way to compare specific compound
migration potentials is to use K values. K, 15 a mea-
surement ot the tendency of an organic compound to be
adsorbed by the sotl. The higher the K value for
compound. the lower its mobility and the higher its
adsorption potential (U.S. Environmental Protection
Agency 1988). Table 5 gives K values for some of the
compounds tound in gasoline. A more complete descrip-
non of contaminant-soll interactions is beyond the scope
ol ssarticle. Interested readers can consult soil chemuistry
texts such as the volume by Dragun (Dragun 19%8).

The proo. 1 with remediating a gasohine smll ts that
we do not find all of the chemical constituents ot “gasoline™
ineach ot the three different phases previously described.
The compounds that make up gasohne and have low
solubtlity, low volatility, and strong adsorption charac-
tenistics will be mast prevalent with the site sols. The
compounds with high solubility will be most prevalentin
the aquifer, and the compounds with high volaulity will
be most prevalent in the soil gases. We tend to have a
natural separation of the chemical components of any
petroleum product.

Specific chemical properties affect the technologies
that are used for remediation as well as the methods used
for analysis. We will first review their effects on site
remediation.

Soils Remediation
There are four major ways to remediate soils contam-
inated with pegfgléum hydrocarbons:
¢ Excavation #gf offsite disposal
® In situ soil vl
¢ [n situ biodegradation
& Above-ground or in situ chemical oxidation.
Excavation of site soils may result in the loss of the
volatile compounds present. As dirt is exposed to the
atmosphere, petroleum products with high vapor pressures
and low boiling points will tend to volatilize. Some care
will have to be taken in areas where air emissions are
critical in order not to release large amounts of these
compounds. As shown in Table 4, benzene (the most
significant compound in terms of human health effects) is
expected 10 be one of the most volatihized compounds.
Next. let us consider in situ soil venting. The compo-
nents of gasoline will have 2 major effect on the suitability

TABLE &
Adsorption CoefTicients for
Selected Gasoline Compounds

Chemical K, Value
n Pentane 6%
n Hexane 1097
1 Heptane 2361
Bensene S0
Toluene 119
ortho-Xviene 258

Adapted from US. FPA [98%

ot this technology. The basis ot soil venung s to move air
past the contaminated soils and to transter the organics
from a hquid phase into the vapor phase. Thiy mass
transfer process effectively removes them trom the soul
The rate that the hvdrocarbons will vaporize is related to
the vapor pressure and the boihng points of the specific
compounds. Using the property values histed in Table 4,
not all of the gasoline constituents are expected to be
amenable to this treatment. Fven fewer components ot
diesel and fuel ol are amenable 1o soil venuing
technologies.

Sails can be cleaned by hiofogical methods. Aff ot the
compounds found in gasoline, diesel. und fuei ol are
degradable by bactena. However. enhanced bioremedia-
tion frequently requires improvements in the subsurtace
growth environment surrounding the indigenous
microorganisms. The site hydrogeologist must help to
ensure the transfer and mixing of oxygen and nutrients
throughout the contaminated zone. The hydrogeologist
must also take care to ensure that soluble and . or volaule
components are not further spread through the action of
any liquids introduced at the site.

Lastly. chemical oxidation can also be used to reme-
diate hvdrocarbon-contaminated sotls. This commonly
relies on the use of hydrogen peroxide and catalysts to
destroy the hydrocarbons present. The treatment process
may have 1o be repeated until all of the regulated hydro-
carbon constituents reach acceptable concentrations.

Aquifer Remediation

There are two major strategies employed to remove
petroleum hydrocarbons from contaminated aquifers:
pump and treat in above-ground systems and in situ
bioremediation. The properties of the specific organics
present will have a significant effect on pump-and-treat
methods. Free product floating on the aquifer can be
removed through induced ground water level depression
and mechanical pumping. Compounds that are soluble in
water can be removed from the subsurface and treated
above ground with a variety of technologies. Extremely
hydrophobic chemicals may remain adsorbed to subsur-
face soil particles and escape remediation using pump-
and-treat methods.

In situ biodegradation is frequently an effective
remediation strategy because all of the compounds are
biodegradable. Again, care must be taken to ensure that
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soluble contaminants are not further mobilized by the
subsurface introduction of any liquids.

Analyzing for Petroleum Hydrocarbons

Finally, the vanable composition of petroleum pro-
ducts can have a major effect on their identification and
quantitation. Chemical analysis for petroleum hydrocar-
bons 1s used throughout the site remediation process for
several purposes, including:
® Initially, to identify and quantitate the chemicals present
® Dunng the project, to monitor the progress of the

remediation effort
® Lastly, to certify that the cleanup effort is complete.

Because petroleum products are complex mixtures of
chemicals, special problems are faced in analyzing for
these compounds. Data interpretation also becomes much
more complex. We will point out some of the difficulties
of analyzing water and soils for hydrocarbons. as well as
some common pitfalls in tterpreting this data.

In general. water samples are easier to analvze than
sotl samples. This is because water samples are more
homogeneous than soils samples {assuming no free
product 1s present). Soils tend to be much more hetero-
geneous in nature, and their actual inorganic and organic
composition may change widely over small horizontal or
vertical distances. Homogeneity 1s desired from an ana-
Iytical standpotint because the sample may be more repre-
sentative of the site conditions at a given point and time.
Heterogeneous samples are more likely to contain organic
“hot spots,” regions of contamination much higher than

‘pically found
There are two major types of analvses that can be
performed with water or soil sampies containing petro-
leum products. The first type of method 1s non-specific
and attempts to quantitate the total mass of hydrocarbons
present. This method 1s usually a vanation of the “oil and
grease” analvsis originally performed with waste water.
With this method, a given volume of water or wet weight
sotl sample iy extracted with a solvent such as
fluorocarbon-113. The total mass of hydrocarbons dis-
solved in the solvent is then quantitated by comparing the
infrared absorption of the extroction liquid against that
of a defined hvdrocarbon mixture
‘I'ne intrared spectrophotometric method previously
descnbed. EPA Method 41K.1: Petroleum Hydrocarbons.
Total Recoverable (U.S. Environmental Protecuon
Agency 19%3), has two major drawbacks when used to
analvze compiex petroleum products. These drawbacks
are.
® Volatile compounds are usuallv lost in the extraction
procedure. This applies particularly to the analvsis of
gasoline contamnated materials

® Samples are quantitated against a known hydrocarbon
mixture (for instance. a muxture of isooctane. n-
hexadecane. and chlorobenzene). not the speaific pe-
troleum product spilled at the site. All hvdrocarbons
do not respond equally to infrared analysts, and com-
parison of the unknown to the standard mixture mas
result n aruficially high or ow hyvdrocarbon
concentratons

Anyone interpreting results from such a test must alsq

consider that:

¢ All materials (contaminants or benign materials) that |

are soluble in the solvent will be extracted. These

materials may create positive or negative interferences :

with the hydrocarbon quantitation.

® Soils samples must also be analyzed for moisture con-
tent in order to correct the hvdrocarbon concentration
for the weight of the water present. Remember that a
certain wet weight of soil is initially used for extraction.
Failure to correct for the percentage of moisture content
of the soils results in artificially low hydrocarbon con-
centration values. ’

® All extraction and quantitstil; procedures have a
degree of variability. For th , variability may
be 25 percent or greater upon the specific
hydrocarbons present and the $oil matrix involved.
Specific soil spikes may be used to gain a better under-
standing of the site-specific variability of this techmque.
The laboratory QA /QC data should be carefully eval-
uated in interpreting final hydrocarbon concentration
values.

The extraction: IR quantitation method does have
certain advantages. It is relatuvely quick and easv to
perform and is not very expensive (typically $50 1o $75).
This technique is perhaps most valuable for use as a
screening step in determining the presence of hvdrocarbon
contamination. It cannot identity and quantitate the spe-
cific compounds present. and we do not recommend its
use in setting cleanup standards or for certifving that a
remediation 1s complete.

The second method for anlvzing hydrocarbons 1n
water and soils involves the specific quantitation of
organics with gas chromatography mass spectrometry
{GC'MS). EPA Method SW846-8240 describes a
GC ' MS purge and trap technique for quantitating vola-
tiles present in a sample. Volatile compounds presentin a
liquid sample are purged using an inert gas and captured
on an adsorbent trap. The captured organics are then
eluted from the trap into the GC for analysis. Soil samples
are rapidly heated and the volatile compounds likewise
captured on a trap for further analysis (U.S. Environ-
mental Protection Agency 19%6)

EPA Method SWx46-8270 descnibes a GC MK
methvlene chionde extraction method for guantitating
semivolatiles present in a sample. Soil and liquid samples
are extracted in an analogous manner Unfortunatels |
single method 1 not readsly avanable for identifving and
quantitating both volaties and semiolatiles presentin a
water or sail sample (1S Fovironmental Protection
Agency 19861 To complete.y characterize a water ot soil
sample. both the volatle and semivolatic GO MS ana-
fvses should be completed.

GC MS methods ofter the abihty 10 both idenuty
and quanutate the specific organics present. This may be
critical if the remediation effort 1s driven by the desire 1o
reduce only certain compounds. such as benzene, toluene.
or xylene. The benefits of GC MS work have w0 be
weighed against their higher costs Prices of $100 to S300
per sample dare not unusuds for either of the volatie o
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semivolatile GC: MS tests descnbed.

Gas chromatography can also help determine whether
a fuel oil sample has been biologically weathered. This is
done by companng the ratio of certain straight chain
alkanes (n-C,; and n-C,,) with specific branched chain
alkanes (pristane and phytane, respectively). The branched
chain alkanes are more resistant to biodegradation, and
“iologically weathered samples typically have low straight

nain to branched chain ratios. A more complete descrip-
tion and application of the “pristane/phytane” test is
found in the paper by Senn and Johnson (1985).

In general, great care must be taken in deciding which
analytical methods are used for identifying and quantitat-
ing petroleum hydrocarbons present in soils and liquids.
Equally important is the careful evaluation of data gener-
ated by these tests. Just because a number is presented in
an official looking report does not mean that it is correct
or even representative of the overall conditions at your
site.

Summary

As the reader can see, the properties of specific organic
chemuicals present in a complex petroleum product have a
major effect on the distribution of the compounds in a
soil/ gas/ liquid matnx. The initial mixture of compounds
will tend to separate and equilibriate in the soil and
aquifer environments. The volatile compounds will tend
to be found in the soil gases and the atmosphere. The
non-soluble compounds will tend to stay with the soil

ticles, and the soluble compounds will tend to dissolve

.d travel with the water moving through the contami-
nated area. However, many complex reactions can take
place between contaminants and the subsurface envi-
ronment to affect these generalizations.

The identification and quantitation of petroleum
products in soils and ground waters is a complex and
difficult task. General procedures measuring the total
mass of extractable hydrocarbons can provide useful site
information. but the limitations of these tests must be
considered when evaluating the resultant analytical data.
Gas chromatography with mass spectroscopy provides a
more defimitive method of dentifying and quantitating
hvdrocarbons presentin soil and hquid samples. However,
the advantages of using these methods are frequently
tand 1n many cases short-sightedlyv) overcome by their
higher costs.

Lastiy, we would like to make one other observation
based upon the data provided in this article. Because the
individual hydrocarbon contaminants partition unevenly
between site soils. waters. and gases. a singie tvpe of
remediation technology may not be zble to efficiently and
cost-effectively remove all of the components present at a
site. Currently available remediation technologies (such
as soil excavation, soil venting, pump-and-treat. i situ
bioremediation, et¢.) tend 1o work best only against certain
specific compounds. There 1s no single remedial method
that is best for ali classes of compounds under all types of
site conditions. Successful remediation efforts may have
to rely on the proper application of a combination of
remediation technologies
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